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Tall oil-based polyamide (PA) was blended with lignin-cellulose fiber (LCF), an inexpensive, highly abundant
byproduct of the pulp and paper industries, to produce environmental-friendly thermoplastic biocomposites.
The effects of the concentration of LCF on the thermal, rheological, and mechanical properties of the
composites were studied using differential scanning calorimetry (DSC), dynamic mechanical analysis
(DMA), thermogravimetric analysis (TGA), rheological testing, and mechanical testing. The morphologies of
the composites were investigated using scanning electron microscopy (SEM). The incorporation of LCF did
not change the glass relaxation process of the polyamide significantly. Results from rheological testing showed
that the complex viscosity and shear storage modulus were increased by LCF. Both the modulus and strength
increased with increasing LCF content; however, LCF substantially reduced the tensile elongation of the
composites. The thermal stability of the composites was strongly influenced by the concentration of LCF. The
onset of the degradation process shifted to lower temperatures with increasing LCF content. We conclude that
LCF has strong potential for use as filler that is compatible with tall oil-based polyamide. Adding LCF to form
PA-LCF composites can lower material costs, reduce material weight, and increase strength and rigidity
compared to neat PA. Composites of PA-LCF could serve as sustainable replacements for petroleum plastics
in many industrial applications and would provide additional opportunities to utilize LCF, a highly abundant
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ABSTRACT 
Tall oil-based polyamide (PA) was blended with lignin-cellulose fiber (LCF), an inexpensive, 
highly abundant byproduct of the pulp and paper industries, to produce environmental-friendly 
thermoplastic biocomposites. The effects of the concentration of LCF on the thermal, 
rheological, and mechanical properties of the composites were studied using differential 
scanning calorimetry (DSC), dynamic mechanical analysis (DMA), thermogravimetric analysis 
(TGA), rheological testing, and mechanical testing. The morphologies of the composites were 
investigated using scanning electron microscopy (SEM). The incorporation of LCF did not 
change the glass relaxation process of the polyamide significantly. Results from rheological 
testing showed that the complex viscosity and shear storage modulus were increased by LCF. 
Both the modulus and strength increased with increasing LCF content; however, LCF 
substantially reduced the tensile elongation of the composites. The thermal stability of the 
composites was strongly influenced by the concentration of LCF. The onset of the degradation 
process shifted to lower temperatures with increasing LCF content. We conclude that LCF has 
strong potential for use as filler that is compatible with tall oil-based polyamide. Adding LCF to 
form PA-LCF composites can lower material costs, reduce material weight, and increase strength 
and rigidity compared to neat PA. Composites of PA-LCF could serve as sustainable 
replacements for petroleum plastics in many industrial applications and would provide additional 
opportunities to utilize LCF, a highly abundant biorenewable material.  
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INTRODUCTION 
Polymers and composites derived from biorenewable resources have received extensive attention 
as sustainable alternatives to petroleum-based polymers due to the increasing cost of fossil 
resources and growing environmental concerns. It is estimated that economically viable 
petroleum supplies will be depleted within 100 years.[1] Biorenewable resources are generally 
defined as organic materials of recent biological origin.[2] Traditional petroleum-based polymers 
are sourced from nonrenewable carbon, and most of them are not biodegradable. The wide use of 
petroleum-based polymers has introduced many environmental problems, such as increased 
greenhouse gas emissions, white pollution, and a large and growing burden on solid-waste 
disposal systems. Replacement of petroleum-based materials with bio-based materials for 
disposable plastic products has the potential to reduce both solid waste (if the new bio-based 
product is biodegradable) and atmospheric carbon dioxide (the carbon in all biobased materials 
originates by the uptake of carbon dioxide from the atmosphere by plants). Biorenewable 
materials are carbon neutral if they end their life cycle through biodegradation, because the 
carbon dioxide originally taken up by plants is returned to the atmosphere. If landfilled at the end 
of their life cycle, biorenewable materials would be carbon negative. The carbon dioxide 
originally fixed by plants would be sequestered in the landfill. 
Many thermoplastics and thermosets based on biorenewable resources have been developed. 
Polylactide (PLA) is a widely used thermoplastic produced from the fermentation of corn and 
sugar feedstocks. Because PLA is biorenewable and biodegradable, it has been used in 
packaging and biomedical applications.[3, 4] Another carbohydrate-based bioplastic, 
polyhydroxyalkanoates (PHA), is a class of polyesters produced by bacteria for carbon and 
energy storage.[5] PHA is biorenewable and biodegradable, and it also possesses high 
biocompatibility. PHA materials have been used as drug carriers and scaffold materials in tissue 
engineering.[6-8] PHA possesses mechanical properties similar to those of polypropylene; 
however, the high cost and the brittleness of PHA have limited its application as a general 
plastic. 
Plant oils, such as soybean oil, castor oil, and tung oil, are very popular starting materials for 
synthesizing biorenewable thermoplastics and thermosets because they possess many chemical 
reactive sites such as double bonds, hydroxyl groups, epoxide groups, and ester linkages. 
Polyamide (PA) is a class of polymer that has been widely used in textiles, automotive, 
electrical, and adhesive applications.[9] Although some of the most highly utilized polyamides 
are produced from petroleum-based chemicals, industrial polyamides have also been synthesized 
from vegetable oils. Polyamide-11, a castor oil-based polyamide produced by Arkema, can be 
synthesized via polycondensation of 11-aminoundecanoic acid (a fatty acid derived from castor 
oil).[10] Another way to synthesize biorenewable polyamide involves the use of a vegetable oil-
based dimer. Plant oils are first saponified into fatty acids and then converted to dimer acid.[11] 
Hablot et al. synthesized polyamide based on rapeseed oil dimer acid and 1,2-diaminoehtane, 
1,6-diaminohexane or 1,8-diaminooctaine.[12] The polyamides produced by this method are 
semi-crystalline polymers with a degree of crystallinity around 10%. The melting points of 
polyamides range from 79°C to 105°C, and the glass transition temperatures (Tg) range from 
−17°C to −5°C.[12] Polyamides are typically soft and flexible with maximum tensile strain of 
over 300%. Fan et al. prepared a series of polyamides using soy-based dimer acids with glass 
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transition temperatures as high as 63°C and a modulus values above 2000 MPa.[13] Polyamides 
from tung oil, soybean oil, and tall oil have been widely utilized by the paint industry due to their 
thixotropic rheological properties.[14] 
Although most biorenewable polymers are considered to be more sustainable and 
environmentally friendly than petroleum-based polymers, they are generally more expensive, and 
most do not match the mechanical properties offered by comparable petroleum plastics. At their 
present stage of industrial development, PLA and PHA are more expensive than common 
petroleum-based polymers such as polyethylene and polystyrene, and they are inherently more 
brittle. A common approach used to decrease the overall cost and modify the mechanical 
properties of biorenewable polymers is to blend them with fillers or fibers. Plant-based fibers 
such as kenaf, jute, and bamboo, and synthetic fibers such as glass and carbon have been added 
to PLA to improve mechanical properties.[15-19] Generally, the strength and modulus are both 
increased by adding rigid fibers into the PLA matrix if strong interfacial adhesion can be 
achieved. Moreover, adding agriculture-based fillers can increase the biodegradation rate of the 
biodegradable polymers. For example, adding distiller dried grains (DDGS), a cereal co-product 
of the corn-ethanol industry, into PHA not only decreases the overall cost of the composites, but 
also increases the biodegradation rate significantly.[19, 20] The effects of organic fillers such as 
flours, starches, rice straw, lignin, and cellulose have been examined for many biorenewable 
thermoplastics,[21-26] but no research has been published that examines the effects of blending 
lignin-cellulose fiber (LCF) with tall oil-based polyamide. 
Lignin is the second most abundant plant-derived resource next to cellulose,[20, 21] and it is a 
byproduct of the paper, pulp, and bio-ethanol industries.[22, 23] Lignin is an amorphous low-
molecular-weight polymer produced in plants by dehydrogenative polymerization of three types 
of phenols: p-coumaryl, coniferyl, and sinapyl alcohols.[24, 25] In woody plants, lignin offers 
protection against water, pathogens, pests, and enzymatic degradation.[20, 24] Lignin also acts 
as a binder that holds hemicellulose and cellulose together, providing stiffness to a plant.[26] 
Because of its complex structure, it is one of the most persistent natural organic molecules, and it 
is a very important component of organic soils. Lignin has been used as filler for many 
thermoplastics. The incorporation of lignin can alter the mechanical properties, thermal stability, 
and crystallization behavior of the thermoplastics.[27-29] Cellulose is a polysaccharide 
consisting of D-glucose linked by β-1,4 linkage.[30] It forms the primary structural component 
in plants. Cellulose is a hydrophilic, biodegradable, and semi-crystalline polymer.[31, 32] 
Blending plant-based fillers such as cellulose and lignin with biorenewable plastics can increase 
strength, modify biodegradability, and reduce costs compared to that of the base polymer. 
The objective of this study was to characterize the thermal, mechanical, rheological, and 
morphological properties of a tall oil-based polyamide reinforced with LCF at three weight 
percentages and to compare the character of the three composites to each other and to pure PA. 
The fracture surface morphology was studied using scanning electron microscopy (SEM). 
Dynamic mechanical analysis (DMA) and differential scanning calorimetry (DSC) were 
performed to study the thermomechanical properties of the PA-LCF composite. 
Thermogravimetric analysis (TGA) was used to investigate the effect of LCF on the thermal 
stability of the PA-based material, and the rheological behavior of the composites was studied 
using a rheometer. Standard dog-bone shaped specimens for tensile testing were prepared to 
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investigate the change in yield strength, modulus, and elongation after incorporating LCF into 
the tall oil-based polyamide. This research reports for the first time the composition and 
properties of blended PA-LCF and will provide engineers and designers with practical data for 
evaluating the performance and industrial potential of these novel composites. 
EXPERIMENTAL 
Materials 
The polyamide (PA) used in this study was UNI-REZ™ 2651 supplied by Arizona Chemical, 
Jacksonville, FL. This polyamide is produced from fatty-acid dimers of tall oil, a compound 
extracted from pine tree as a byproduct of paper and wood pulp production. The specific 
chemical identity and percentage of composition of the tall oil-based polyamide used in our 
study are proprietary and have not been disclosed. UNI-REZ™ 2651 polyamide is highly 
flexible, with a maximum elongation of over 500%. It has a softening point between 95°C and 
105°C and an amine value of five. The lignin-cellulose fiber (LCF) used in this study was 
Neroplast®, a filler obtained from New Polymer Systems (New Canaan, CT) in 100-mesh 
powder form. Neroplast® is produced from virgin and uncontaminated lignocellulose sources 
such as pine trees. The Neroplast® filler contains a mixture of cellulose and lignin. The 
hemicellulose in the original lignocellulose sources was thermally and chemically removed to 
improve water resistance (hydrophobicity). 
Composite Preparation 
Before compounding, PA and LCF were dried at 60°C for 24 h to remove moisture. All the 
composites were prepared by compounding PA with the selected weight percentages of LCF 
using a twin-screw micro-compounder (DACA Instrument, Santa Barbara, CA). Compounding 
was performed at a rotational speed of 100 rpm for 10 min. The temperature of the barrel was set 
to 140°C. The neat PA polymer was also processed using the same conditions so that the samples 
had the same thermal history. Composites with LCF at three selected weight percentages (10 wt 
%, 20 wt %, and 30 wt %) were prepared. The nomenclature for the composites in this study is 
presented with the base resin (polyamide) indicated with the letters PA, and the percentage of 
LCF filler shown numerically, for example, PA-20% represents the composite containing 20 wt 
% of LCF and 80 wt % of PA. After compounding, the extruded blends were compression 
molded using a Carver Model 4394 hydraulic press (Wabash, IN) to form DMA and tensile-
testing specimens. The temperature for compression molding was set to 140°C. The compression 
force was set to 20,000 N (or 1.4 MPa in terms of pressure). The specimens were cooled to room 
temperature under pressure before being taken out of the mold. 
Morphological Characterization 
Samples of the composites and the base polymer were cryogenically fractured and viewed under 
an FEI Quanta FEG 250 scanning electron microscope (SEM) to examine and compare their 
morphologies. Before the samples were put into the SEM, they were sputter coated with a 5 nm-
thick layer of iridium. The SEM images were taken at a working voltage of 10 kV under high 
vacuum. 
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Optical Microscopy 
In order to observe the original shape of the LCF particles before compounding, LCF was 
dispersed in water and the mixture was placed between two parallel glass plates. The sample was 
then observed by using an Olympus BX-51 optical microscope. 
DMA Measurements 
DMA was performed using a Q800 dynamic mechanical analyzer from TA Instruments (New 
Castle, DE). Rectangular specimens with a dimension of 30 mm × 12.5 mm × 1.9 mm from 
compression molding were used for the DMA measurements. DMA was run in three-point 
bending mode over the temperature range from −100°C-90°C with a heating rate of 3°C/min, a 
frequency of 1 Hz, and a displacement amplitude of 20 µm. The storage modulus (E′) and the tan 
δ were recorded as a function of temperature. 
DSC Measurements 
Differential scanning calorimetry (DSC) analysis were performed by using a TA Instruments 
Q20 differential scanning calorimeter. All DSC measurements were carried out in a nitrogen 
atmosphere. The heating and cooling rates for the DSC experiment were set to 30°C/min. A 
sample weight of 15 to 20 mg was used. Calibration on the DSC machine was performed using 
an indium sample prior to the experiment. To erase the thermal history, samples were heated 
from room temperature to 150°C. The molten samples were then cooled to −100°C and heated 
again to 150°C. The second heating run (with no previous thermal history due to processing) was 
used to study the thermal properties of the PA-LCF composites. 
TGA Measurements 
TGA was carried out using a Q50 thermogravimetric analyzer from TA Instruments. Samples 
weighing approximately 5 mg were heated from 25°C to 800°C under a nitrogen atmosphere at a 
heating rate of 20°C/min. 
Rheological Measurements 
The rheological properties of the PA and PA-LCF composites were studied using an AR2000ex 
rheometer (TA Instruments). Frequency sweeps with 5% strain from 0.1 rad/s and 100 rad/s were 
performed. The diameter of the plates was 25 mm, and the gap between the plates was set to 
between 0.5 mm to 0.6 mm. The storage modulus and complex viscosity as a function of angular 
frequency were evaluated. 
Mechanical Testing 
The tensile properties of the samples (five samples for each blend composition) were determined 
according to ASTM D638 guidelines by using an Instron 5569 universal testing machine. A load 
cell with 5 kN capacity was utilized. The tensile testing was conducted at room temperature with 
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a crosshead speed of 50 mm/min. The mechanical properties of each composition were 
determined by averaging the data for the five samples. The Young's modulus, yield strength, and 
strain at break were analyzed as a function of LCF content. 
RESULTS AND DISCUSSION 
Optical Microscopy and SEM 
The LCF is a black substance in its original, purchased form. An optical micrograph illustrating 
the shape and size of the LCF particles is shown in Figure 1. Most of the LCF was in fiber form, 
but globular form was also observed. The length of the fiber used in this study ranged from 20 
µm to 100 µm. 
 
Figure 1. Optical micrograph of LCF.  
The morphology of the PA/LCF biocomposites was investigated using an SEM. Figure 2 shows 
the cryogenic fracture surface of all prepared compositions. The pure PA polymer shown in 
Figure 2(a) is almost featureless except for some loose polymers resting on top of the surface due 
to fracture. In Figure 2(b), it is evident that the LCF is wetted in the matrix. There are several 
cavities on the fracture surface, indicating that LCF have been pulled out from the matrix. Figure 
2(c,d) show that the LCF is homogeneously distributed in the matrix. In addition, there is no gap 
or cavity between the LCF and the polymer matrix, and very few voids are observed, indicating a 
good interfacial adhesion between the LCF and the matrix. 
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 Figure 2. SEM images of the fracture surfaces of (a) PA-0%; (b) PA-10%; (c) PA-20%; and (d) 
PA-30%. 
Rheology 
In order to investigate the effect of LCF incorporation on the rheological properties of PA-based 
composites, samples were tested with a rheometer using a frequency sweep at 140°C. Figure 3 
depicts the change of shear storage modulus in relation to angular frequency and shows that the 
modulus of all samples increased with increasing angular frequency. It is also apparent that an 
increase in LCF content increased the shear storage modulus across the entire frequency range, a 
behavior consistent with the notion that incorporation of rigid fillers restricts deformation of 
polymers. For comparison, the storage modulus of PA-30% at 0.1 rad/s is about 5.3 times higher 
than that of pure PA polymer. 
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 Figure 3. Angular frequency dependence of storage modulus at 140°C for PA-LCF composites 
containing different percentages of filler. 
Figure 4 shows the evolution of complex viscosity of PA polymer and the PA-LCF composites 
as a function of angular frequency. The complex viscosity of all samples decreased with 
increasing angular frequency; thus, the PA polymer and the composites all exhibited shear-
thinning behavior, i.e., the material became less resistant to flow as the rate of shear stress 
increased. This shear-thinning behavior has often been observed in polymers containing filler 
particles.[33-35] As seen with the storage modulus results, the complex viscosity of PA-based 
composites increased with increasing LCF percentage, a phenomenon related to the decrease in 
mobility of the polymer chains as a result of the rigid LCF filler in the matrix. 
 
Figure 4. Angular frequency dependence of complex viscosity at 140°C for PA-LCF composites 
containing different percentages of filler. 
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Dynamic Mechanical Analysis (DMA) 
The effects of LCF filler content on the storage modulus and the tan δ of the PA-LCF composites 
were examined by DMA over a temperature range from −100°C to 100°C (Figure 5). At −100°C 
(glassy region), the storage modulus of the PA polymer was greatly improved by the addition of 
LCF. The storage modulus of the composites reached the maximum with 20 wt % LCF content. 
The PA-30 wt % sample showed a lower storage modulus at −100°C compared to the composite 
with 20 wt % LCF, but it had a higher storage modulus than the PA-10% sample, indicating that, 
for the percentage LCF contents evaluated in our study, the reinforcement effect of LCF in the 
PA matrix reached its maximum at 20 wt % LCF at the glassy region. When the temperature 
increased to above −50°C, the PA underwent a glass-transition relaxation process, and a 
substantial decrease in storage modulus is evident. At temperatures above 60°C, the storage 
modulus decreased substantially again due to the softening of PA at high temperature. At room 
temperature, the storage modulus increased significantly with increasing percentage of LCF 
filler. For example, the storage modulus of pure PA polymer at room temperature was 
approximately 90 MPa, while the composite with 30 wt % LCF exhibited a modulus of 
approximately 210 MPa; therefore, a 133% increase in storage modulus was observed after 
adding 30 wt % of LCF. The increase in modulus is ascribed to the reinforcement effect of the 
LCF fiber in the soft PA matrix. 
 
Figure 5. Storage modulus as a function of temperature for the pure PA polymers and its 
composites with 10 wt % to 30 wt % LCF. 
The tan δ curves of pure PA and the PA-LCF composites are shown in Figure 6. The broad tan δ 
peak in the range of −20°C to 50°C is associated with the glass transition process (α-relaxation 
process) of the PA. The glass transition process indicates the rapid increase of the sliding 
movement of the amorphous polymeric chains in PA due to high temperatures. The temperature 
corresponding to the maxima of the tan δ is generally considered the glass transition temperature 
(Tg). The glass transition temperature of all prepared composites ranged from 5.7°C to 7.2°C. It 
is clear that the concentration of LCF has little effect on the glass transition temperature of the 
composites. The PA-30% composite showed an increase in the glass transition temperature of 
only a 1.5°C compared to pure PA polymer. In addition, the tan δ curves of all composites 
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exhibited a shoulder at approximately −40°C. The shoulders were located at a constant 
temperature regardless of LCF content. The shoulder at this temperature is ascribed to the β-
relaxation of the polyamide matrix. β-relaxation is caused by the rotational movement of the side 
groups and some loosely packed chain segments of PA.[36] The area under the tan δ curve of 
pure PA is larger than those of PA/LCF composites, indicating that the damping ability of the 
composites is less than that of pure PA. This is also expected because adding rigid LCF into the 
soft PA matrix decreased the mobility of PA polymeric chain. 
 
Figure 6. Tan δ curves as a function of temperature obtained via DMA. 
Differential Scanning Calorimetry (DSC) 
DSC was performed to study the effect of LCF filler content on the thermal behavior of PA-LCF 
composites, particularly the melting point and glass transition temperature. Figure 7 shows the 
DSC traces of pure PA polymer and PA-LCF composites during the second heating run (after all 
the thermal history had been removed). For pure PA and the composites, there was a very broad 
glass transition from −56°C to −10°C. The glass transition temperature was approximately 33°C, 
regardless of filler content. There was an endothermic peak between 80°C and 90°C that is 
associated with the melting of the crystalline region in the PA polymer. The location of melting 
peaks shifted slightly to higher temperatures as the content of LCF increased, indicating that the 
LCF may act as a crystallization nucleating agent for PA polymer. Lignin-based filler was found 
to be a good nucleating agent for various semi-crystalline polymers.[29, 37] 
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 Figure 7. DSC traces of PA polymer and composites containing 10, 20, and 30 wt % of LCF.  
Thermogravimetric Analysis (TGA) 
The thermal degradation behaviors of the PA-LCF composites were studied using TGA. Figure 8 
shows the TGA measurements for pure PA, pure LCF, and the three PA-LCF composites. PA 
polymer showed major thermal degradation beginning at approximately 355°C and had lost 
almost all its original mass at temperatures approaching 440°C. The pure LCF began to degrade 
at a temperature around 290°C, and the degradation rate of LCF decreased substantially when the 
temperature reached 345°C. Table 1 presents the temperature values corresponding to the 5% 
weight loss (T5), the temperatures corresponding the 10% weight loss (T10), the onset degradation 
temperature (Tonset), and the maximum degradation temperature of all samples (Tmax). After 
comparing the thermal degradation behavior of composites with different content of LCF, it is 
clear that the onset-degradation temperature, T5, and T10 values shifted to lower temperatures 
with increasing LCF content. This indicates that increasing LCF filler content decreases the 
thermal stability of the composites in the temperature range between 250°C and 400°C. Figure 9 
shows an enlarged view at the 250°C to 400°C region of Figure 8. The onset temperatures of 
thermal degradation for composites containing LCF at 0%, 10%, 20%, and 30% are 355°C, 
342°C, 336°C, and 320°C, respectively. Due to the aromatic chemical structure of lignin, the 
thermal stability of the overall composites at temperatures between 400°C to 800°C was greatly 
increased with increasing LCF content (Figure 8). 
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 Figure 8. Thermal degradation behavior of pure PA polymer, pure LCF, and PA-LCF 
composites. 
 
 
Figure 9. Enlarged portion of Figure 8 showing detail for the onset of thermal degradation. 
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Figure 10 illustrates the derivative rate of weight loss for all samples. The peaks in this figure 
indicate the temperature at which samples reached their maximum thermal degradation rate. 
Based on Figure 10, the largest peaks of the weight derivative curve for PA and PA-LCF 
composites are all at ≈400°C, regardless of the composition. 
 
Figure 10. Weight derivative of pure PA polymer, LCF, and PA-LCF composites. 
Mechanical Testing 
Figures 11-13 show the mechanical properties (Young's modulus, yield strength, and strain at 
break, respectively) of pure PA (0% filler) and the PA-LCF composites with 10%, 20%, and 
30% filler. Results revealed that the Young's modulus increased with increasing amount of LCF 
filler. The modulus value for the PA-30% composite was 188 MPa, while the modulus of pure 
PA polymer (0% LCF) was 90 MPa, showing that the modulus of PA-based materials can be 
doubled by adding 30 wt % LCF. Similar results have been found by Nitz et al., who showed 
that blending lignin filler with polyamide-11 derived from castor oil can lead to a systematic 
increase in Young's modulus of the resulting composites; however, in their study, addition of 30 
wt % lignin yielded only a ≈35% increase in modulus.[38] The yield strength of composites in 
our trial was compared as a function of LCF content (Figure 12). It is apparent that, within the 
range test (0% to 30% LCF), yield strength of PA-LCF composites increases with increasing 
LCF content. The strength of the pure PA was about 3.3 MPa, compared to 6.1 MPa for the PA-
30% composite. The increase of both Young's modulus and yield strength is likely attributed to 
the good dispersion of LCF and the good interfacial interaction between the filler and the PA 
matrix.[39] 
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 Figure 11. Young's modulus as a function of LCF content. 
 
Figure 12. Yield strength as a function of LCF content. 
14 
 
 Figure 13. Strain at break as a function of LCF content. 
The strain-at-break values for the composites are shown in Figure 13. The PA polymer was 
highly elastic and showed maximum strain at over 600% elongation. The strain at break 
decreased significantly with increasing LCF content. The most substantial reduction was 
observed with the increase of LCF content from 0% to 10%; the strain at break of the PA-10% 
composite decreased 70% compared to the pure PA polymer. For the PA-30% sample, the strain 
at break of the composite was only 47%. A substantial decrease in maximum strain is common in 
polymers blended with rigid fillers because filler particles decrease the mobility of the polymer 
chains when under an applied load. It is also common for the fillers to agglomerate in 
thermoplastic composites, a phenomenon that can further decrease the elongation elasticity of the 
material. Therefore, while the addition of LCF increases the modulus and strength of PA-based 
composites, it also makes the material more brittle. 
Potential for Industrial Application 
As a potential replacement for petroleum-based plastics, PA-LCF has many appealing 
characteristics. Like petroleum-based polypropylene, polyethylene, etc., PA-LCF can be 
injection molded, thermoformed, and formed into sheets and films. By varying the percentage of 
LCF composite material, the mechanical properties of the PA-LCF composite can be adjusted for 
specific applications (Figures 11-13). Compared to other common injection-moldable 
bioplastics, for example, PHA and PLA, which are somewhat brittle (Young's modulus of ≈1500 
and ≈1960 MPa, respectively, and elongation at break of ≈4.6% and ≈5%, respectively), PA-LCF 
composites are more flexible and ductile (Young's modulus of ≈100 MPa and elongation at break 
of ≈190% for the PA-10% composite) and more closely resemble the mechanical properties of 
polypropylene and polyethylene (Young's modulus of ≈1500 and ≈200 MPa, respectively, and 
elongation at break of ≈ 150% and ≈ 400%, respectively).[31, 32, 40, 41] 
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CONCLUSIONS 
Tall oil-based polyamide was blended with lignin-cellulose fiber (a type of fiber that contains 
both cellulose and lignin) to produce environmental-friendly thermoplastic biocomposites. The 
effects of LCF on the thermal, mechanical, and rheological properties were investigated. DMA 
results indicated that the glass transition temperature of the PA-based material was only slightly 
affected by the addition of LCF filler. DMA results also showed that the storage modulus at 
room temperature increased with increasing amount of LCF. The increase in storage modulus 
indicates that a reinforcement effect is provided by the LCF fiber in the PA matrix. TGA tests 
were performed to characterize the thermal-degradation behavior of PA-LCF composites, and it 
was shown that incorporation of LCF filler decreased the thermal stability of the composites 
within the temperature range of 250°C to 400°C, but thermal stability of the composites was 
increased with increasing LCF content at temperatures between 400°C and 800°C. The dynamic 
viscosity and shear modulus increased significantly with increasing LCF filler content. Tensile 
testing was used to investigate the mechanical properties of the PA-LCF composites and showed 
that the Young's modulus and the yield strength increased with the additional of LCF filler, but 
that the strain at break was reduced. These results demonstrate that lignin-cellulose fiber can be 
blended with tall oil-based polyamides via melt processing to produce sustainable biorenewable 
composites that are affordable, possess useful mechanical properties, and can be easily adjusted 
to match specific industrial applications. 
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